Cellular acquisition of folate is mediated by folate receptors (FRs) in many malignant and normal human cells. Although FRs are upregulated in folate deficiency and downregulated following folate repletion, the mechanistic basis for this relationship is unclear. Previously we demonstrated that interaction of an 18-base cis-element in the 5¢-untranslated region of FR mRNA and a cystolic trans-factor (heterogeneous nuclear ribonucleoprotein E1 [hnRNP E1]) is critical for FR synthesis. However, the molecular mechanisms controlling this interaction, especially within the context of FR regulation and folate status, have remained obscure. Human cervical carcinoma cells exhibited progressively increasing upregulation of FRs after shifting of folate-replete cells to low-folate media, without a proportionate rise in FR mRNA or rise in hnRNP E1. Translational FR upregulation was accompanied by a progressive accumulation of the metabolite homocysteine within cultured cells, which stimulated interaction of the FR mRNA cis-element and hnRNP E1 as well as FR biosynthesis in a dose-dependent manner. Abrupt reversal of folate deficiency also led to a rapid parallel reduction in homocysteine and FR biosynthesis to levels observed in folatereplete cells. Collectively, these results suggest that homocysteine is the key modulator of translational upregulation of FRs and establishes the linkage between perturbed folate metabolism and coordinated upregulation of FRs.
Introduction
Folates are critical for the perpetuation of one-carbon metabolism and DNA synthesis (1) , and folate receptors (FRs) have been shown to mediate the cellular uptake of the physiological folate 5-methyltetrahydrofolate in several malignant and normal cells (reviewed in ref. 2) . The native membrane-associated FR glycoprotein of cervical cancer (HeLa-IU 1 ) cells is hydrophobic and binds a significant amount of Triton X-100 detergent upon solubilization (3) . This hydrophobicity is conferred primarily by its glycosylphosphatidylinositol (GPI)-anchored tail, which can be cleaved off by GPI-specific phospholipase C and/or D to give rise to a hydrophilic species. Alternatively, endoproteolytic cleavage of the GPI anchor and the C-terminal end of the FR by an endogenous membrane-associated metalloprotease can also yield a soluble hydrophilic species (2, 4) . Although FRs are upregulated in folate deficiency and downregulated with repletion of folate (5) (6) (7) (8) (9) (10) (11) (12) , the molecular and biochemical link between folate deficiency and upregulation of FRs is not clear.
When a cervical carcinoma cell line (HeLa-IU 1 ) that was stably propagated in 2.3 µM folate (called HeLa-IU 1 -HF cells here, for "high folate") was adapted to growth in low physiological concentrations of folate (9 nM) (called HeLa-IU 1 -LF cells here, for "low folate"), the cells exhibited biochemical evidence of folate deficiency and FRs were markedly upregulated ninefold. However, the FR mRNA was disproportionately low (being increased by only twofold), suggesting that upregulation of FRs was a function of translational or posttranslational alterations in FR metabolism. Previously we demonstrated that the interaction of an 18-base ciselement in the 5′-untranslated region (5′-UTR) of FR-α isoform mRNA with a cytosolic trans-factor is critical for translational upregulation of FRs (13) . More recently, we determined that the cytosolic FR mRNA-binding trans-factor is identical to the 43-kDa heterogeneous nuclear ribonucleoprotein E1 (hnRNP E1) (14) . HnRNP E1 is abundant in reticulocyte lysates (15) , so the addition of recombinant hnRNP E1 to the in vitro translation mixture does not increase FR translation. However, anti-hnRNP E1 specifically inhibited trans-Cellular acquisition of folate is mediated by folate receptors (FRs) in many malignant and normal human cells. Although FRs are upregulated in folate deficiency and downregulated following folate repletion, the mechanistic basis for this relationship is unclear. Previously we demonstrated that interaction of an 18-base cis-element in the 5′-untranslated region of FR mRNA and a cystolic transfactor (heterogeneous nuclear ribonucleoprotein E1 [hnRNP E1]) is critical for FR synthesis. However, the molecular mechanisms controlling this interaction, especially within the context of FR regulation and folate status, have remained obscure. Human cervical carcinoma cells exhibited progressively increasing upregulation of FRs after shifting of folate-replete cells to low-folate media, without a proportionate rise in FR mRNA or rise in hnRNP E1. Translational FR upregulation was accompanied by a progressive accumulation of the metabolite homocysteine within cultured cells, which stimulated interaction of the FR mRNA cis-element and hnRNP E1 as well as FR biosynthesis in a dose-dependent manner. Abrupt reversal of folate deficiency also led to a rapid parallel reduction in homocysteine and FR biosynthesis to levels observed in folate-replete cells. Collectively, these results suggest that homocysteine is the key modulator of translational upregulation of FRs and establishes the linkage between perturbed folate metabolism and coordinated upregulation of FRs.
lation of FRs in vitro in a dose-dependent manner, and these effects could be reversed in a dose-dependent manner by either purified human placental trans-factor or hnRNP E1. These results confirmed the critical role of the interaction of cis-element and hnRNP E1 in the translation of FRs (14) . The recent identification of a significant correlation between the expression of FRs and hnRNP E1 in the cervixes of normal women and those with cervical dysplasia and cervical cancer further supports the idea of a physiologic relationship (16) . However, the obvious "missing link" to a more comprehensive understanding of the translational regulation of FRs (via involvement of these components) in folate deficiency was the precise trigger(s) for the interaction of FR mRNA cis-element and the hnRNP E1 resulting in upregulation of FRs.
This paper describes investigations into the functional role of this RNA-protein interaction in the regulation of FRs in HeLa-IU 1 cells within the context of folate homeostasis. We report that the marked upregulation of FRs observed in folate deficiency is mediated at the translational level by the metabolite homocysteine, which accumulates in folate deficiency and increases the interaction of the cis-element and hnRNP E1, which, in turn, results in increased biosynthesis of FRs. To our knowledge, this is the first time that a mechanistic linkage between substrate build-up from perturbed folate metabolism secondary to nutritional folate deficiency and the coordinated upregulation of a protein that is integrally involved in folate metabolism has been characterized at the translational level.
Methods
Materials. Nondialyzed and dialyzed fetal bovine serum, rabbit nonimmune serum, and other chemicals of the highest analytical grade were from Sigma Chemical Co. (St. Louis, Missouri, USA). The random hexanucleotide primer kit for all radiolabeled DNA probes (specific activity, ∼0.3 mCi/µg DNA) and QuickChange SiteDirected Mutagenesis Kit were from Stratagene (La Jolla, California, USA). The β-actin DNA was from Oncor (Gaithersburg, Maryland, USA). The plasmid pc32, a pUC 8 plasmid containing full-length human FR-α cDNA, was a gift from P.C. Elwood (National Cancer Institute, Medicine Branch, NIH, Bethesda, Maryland, USA) (17) . All oligodeoxynucleotides were synthesized by Invitrogen (San Diego, California, USA). The primers for RT-PCR of FR cDNA were synthesized based on data provided (18) . The [3,5,7′,9′-3 H]pteroylglutamate ([3,5,7′,9′-3 H]PteGlu) potassium salt (specific activity, ∼50 Ci/mmol); [α- 32 P]UTP (specific activity, >800 Ci/mmol); and [ 35 S]cysteine (specific activity, >1,000 Ci/mmol) were from Amersham (Arlington Heights, Illinois, USA). IgGsorb, a 10% suspension of formalin-fixed Staphylococcus aureus cells bearing protein A, was from The Enzyme Center (Boston, Massachusetts, USA).
Cell culture. The addition of nondialyzed fetal bovine serum to a final concentration of 10% in folate-free minimum essential media (MEM) (Gibco-BRL, Gaithersburg, Maryland, USA) led to a final extracellular concentration of 5-methyl-tetrahydrofolate of 9 nM; this media is referred to as MEM-LF. HeLa-IU 1 cells (3) cultured at 37°C in 5% CO 2 and propagated in MEM containing 10% nondialyzed fetal bovine serum and 2.3 µM PteGlu (this media is referred to as MEM-HF) were designated HeLa-IU 1 -HF cells. HeLa-IU 1 -LF cells were derived from HeLa-IU 1 -HF cells that were abruptly transferred to MEM-LF and stably adapted to growth in this media for over 6 months.
Analysis of metabolites related to folate metabolism in the growth media and in cells. The supernatant of HeLa-IU 1 -HF cells (1.5 × 10 7 ) propagated in low-folate media (MEM-LF) over several weeks was assayed for various metabolites as follows: Briefly, cells that were plated in 100-× 20-mm dishes were fed twice a week with fresh MEM-LF. By the end of each week, growth media in contact with cells for 3 days was aspirated and frozen (-80°C). The concentration of total homocysteine, methionine, total cysteine, and cystathionine was measured in these samples by gas chromatographymass spectrometry (19) . S.P. Stabler was "blinded" to sample identity for all experiments by the use of coded samples (University of Colorado Health Sciences Center, Denver, Colorado, USA). In preliminary studies, we consistently failed to measure intracellular homocysteine concentrations in HeLa-IU 1 -HF and HeLa-IU 1 -LF cells after washing the cells with large volumes of buffer in order to separate homocysteine in the supernatant from cells. These results were consistent with the known propensity of homocysteine to rapidly move out of cells (20) . Accordingly, efflux of homocysteine was minimized first by release of adherent cells with a rubber policeman (into the growth media used by the cells) and then by centrifugation of the suspension over silicone fluid to separate the media from cells. This approach has been validated as a very efficient method for the separation of cells from an aqueous phase (21, 22) ; thus, when [ 14 C]inulin is added to a cell suspension that is centrifuged through a silicone matrix, less than 0.01% of [ 14 C]inulin contaminates the cell pellet. The HeLa-IU 1 -HF and HeLa-IU 1 -LF cell pellets were then lysed and analyzed for homocysteine, methionine, cysteine, and cystathionine concentrations (19) . Briefly, 7 × 10 5 HeLa-IU 1 -HF cells were seeded separately in 100-× 20-mm Falcon tissue culture dishes (Becton Dickinson, Franklin Lakes, New Jersey, USA) in MEM-LF and were propagated for various times (up to 12 weeks) in this medium. By the end of each week, cell samples that had been uniformly fed with fresh MEM-LF 3 days prior to the day of harvest were analyzed for cell number, protein, and intracellular homocysteine. Accordingly, four dishes from each group were randomly selected and the number of cells was determined after trypsin digestion. The adherent cells from another four dishes from each group were released by being scraped with a rubber policeman and cells were resuspended in the same ("spent") growth medium. After being transferred to preweighed sterile 15-ml polypropylene coni-cal Falcon tubes, cells were centrifuged at 1,000 g for 10 minutes. After aspiration of the supernatant, the pellet was digested in 25 µl of 1 N NaOH overnight at 37°C and the protein content was determined. Cells from another four dishes were also similarly scraped, resuspended in spent medium, and immediately applied to the tops of 15-ml Falcon tubes containing 5 ml of Versilube F50 silicone fluid (General Electric, Waterford, New York, USA). After centrifugation (2,400 g for 10 minutes), the media was aspirated and tubes were immediately frozen on dry ice for 30 minutes to solidify the oil. The cell pellet was cut out from the bottom of the tube and resuspended in 500 µl of fresh growth medium in an Eppendorf tube and subjected to four cycles of freezing and thawing (each cycle consisted of 5 minutes of freezing on dry ice followed by 20 minutes of thawing at 22°C). The released intracellular contents were separated from other cell debris by centrifugation at 12,000 g for 10 minutes at 4°C, and the supernatant was filtered through a 0.22-µm filter and analyzed for homocysteine, methionine, cysteine, and cystathionine. The concentration of homocysteine, methionine, cysteine, and cystathionine in 500 µl of fresh medium was also measured and this value was subtracted from the concentration of these thiols determined in spent medium and the cell pellet as a function of time (see Results). The data on homocysteine were expressed as micromolar and nanomoles per milligram of protein. These experiments were repeated four different times and the data were expressed as the mean ± SD. In other experiments, the extent of intracellular accumulation of homocysteine following exposure of HeLa-IU 1 -HF cells to 500 µM and 1000 µM of homocysteine was also determined after rapid separation over silicone. For the experiments that used pharmacological concentrations of homocysteine, an additional control was included in which each concentration of homocysteine in vehicle was also applied to the silicone column (in the absence of cells) and the amount of homocysteine recovered in the "cell pellet" fraction was measured. Because this value at each concentration represented nonspecific passage of homocysteine through silicone, it was subtracted from the values from studies using cells.
Radiolabeled folic acid (PteGlu) binding studies. Binding of radiolabeled [ 3 H]PteGlu to intact cells on each week during long-term culture ( Figure 1 ) was carried out as described (23) , with the following modifications. Cells (2 × 10 6 ) were cultured in T-75 flasks to 80% confluence, and endogenous (FR-bound) folate was removed by washing cells using the following buffers in sequence (at 4°C): 10 ml Dulbecco's PBS (D-PBS), four washes; 10 ml 0.05 M sodium acetate-acetic acid (pH 4.5) containing 0.15 M NaCl (30 seconds per wash), two washes; 0.01 M sodium phosphate containing 0.15 M NaCl (pH 7.4), one wash. After cells were released by being incubated with isotonic trypsin-EDTA (Gibco BRL) for 5 minutes at 37°C, they were washed twice in 10 ml D-PBS.
Binding of radioligand to FRs on intact cells was determined at 4°C in 15-ml sterile tubes by incubation of 1 × 10 6 cells with varying concentrations of Western blot analysis. Cells were lysed overnight in a buffer containing 2% SDS, 20 mM EDTA, 1 µg/ml aprotinin, and 1 mM PMSF (all from Sigma). Fifteen micrograms of total protein was analyzed by 4-20% SDS-PAGE followed by Western blotting. The proteins transferred to PVDF membranes were first incubated with rabbit polyclonal anti-human placental FR antiserum (dilution, 1:1500) overnight at 4°C, followed by incubation for 1 hour with a 1:15,000 dilution of peroxidase-coupled goat anti-rabbit antibody. Antibodyprotein complexes were then detected using the ECL detection kit (Amersham) followed by autoradiography. A densitometric comparison of the intensity of the FR signal from cells at the end of each week in long-term culture ( Figure 1 ) with that value of the FR signal obtained at time zero allowed for an estimate of the fold increase in FR expression in cells as a function of time.
Morphometric and morphological studies. HeLa-IU 1 -HF and HeLa-IU 1 -LF cells at 80% confluency were washed with D-PBS and harvested after exposure to isotonic trypsin-EDTA. Cells (1 × 10 4 ) were then transferred to glass slides, and total cell and nuclear diameters were quantitatively determined (24) .
RT-PCR. Total cellular RNA from HeLa-IU 1 -HF and HeLa-IU 1 -LF cells was isolated, poly(A) + RNA was purified (Invitrogen), and reverse transcription was carried out (Boehringer Mannheim, Indianapolis, Indiana, USA). The cDNA fragments of different FR isoforms were amplified (Perkin-Elmer, Branchburg, New Jersey, USA) using similar amplification conditions and primers specific for the FR-α, FR-β, and FR-γ isoforms (18) , except that one specific primer for FR-α was 5′-GGAGGCTCAGACAAGGATTG-3′. The PCR products were separated by electrophoresis through 2% agarose gels, stained with ethidium bromide, and visualized by UV illumination. After Southern transfer, hybridization was accomplished with 32 P-labeled FR cDNA followed by autoradiography (25) .
FR mRNA expression and stability. FR mRNA expression was determined in HeLa-IU 1 -HF and HeLa-IU 1 -LF cells, and HeLa-IU 1 -HF cells cultured in low-folate medium for up to 12-weeks as described (25) . Briefly, RNA was extracted from cells cultured in 10-cm dishes, and 20 µg total RNA per lane was separated by electrophoresis through 1.5% agarose/2.2 M formaldehyde gels and transferred to nylon membranes (Roche Diagnostics Corp., Indianapolis, Indiana, USA). The probes were labeled with [digoxigenin]dUTP using the PCR DIG probe synthesis kit (Roche Diagnostics Corp.) and membranes were developed using the DIG luminescent detection kit (Roche Diagnostics Corp.) and autoradiography. The relative expression of FR mRNA at the end of each week (see Figure 1 ) was determined as follows: The densitometric-scanning data of the FR mRNA signal for each sample was first normalized to the corresponding β-actin mRNA signal of that sample using an IS-1000 digital imaging system (Alpha Innotech, Torrance, California, USA). The fold increase in FR mRNA expression in cells as a function of time was then determined by dividing the individual value of FR mRNA expression for each week by the value obtained at week zero (Figure 1 ).
For the determination of FR mRNA stability, 1 × 10 6 HeLa-IU 1 -HF cells or 2 × 10 6 HeLa-IU 1 -LF cells were split into 100-× 20-mm dishes. Three days later, cells were exposed to 5 µg/ml of actinomycin D for 2, 4, 6, and 8 hours. Total cellular RNA (10 µg) from unexposed and exposed cells was then analyzed on Northern blots (3) .
Nuclear run-on assay. Five micrograms of denatured FR-α cDNA and β-actin DNA were hybridized to filters blotted with equal amounts of [α-32 P]UTP nuclear RNA from 2 × 10 7 HeLa-IU 1 -HF or HeLa-IU 1 -LF cells (26) .
Biosynthetic radiolabeling of hydrophobic FR. For biosynthetic studies, dialyzed fetal bovine serum (1,000-M r cut-off filter) was used whenever cysteine-free MEM or MEM containing [ 35 S]cysteine was used. However, during chase periods, regular (cysteine-replete) media containing nondialyzed fetal bovine serum was utilized. Briefly, 2 × 10 6 HeLa-IU 1 -HF cells or HeLa-IU 1 -LF cells were cultured in 100-× 20-mm dishes to about 80% confluence. The monolayers were rinsed three times with D-PBS and "starved" for 18 hours in 8 ml cysteinefree MEM-HF or MEM-LF, respectively. For determination of the synthetic rate of FRs, 6 × 10 6 to 8 × 10 6 cells were pulsed with [ 35 S]cysteine (250 µCi) in 4 ml of cysteine-free MEM-HF or MEM-LF, respectively, for various times indicated (up to 4 hours) at 37°C (see Figure  2 ). After being rinsed twice with D-PBS, the cells were harvested with a plastic cell scraper into 10 ml D-PBS containing 20 mM EDTA, 100 µg/ml phenylmethylsulfonyl fluoride, and 1 µg/ml aprotinin (buffer A) and were centrifuged at 500 g for 5 minutes. Cell pellets were then solubilized in 1 ml of buffer A containing 1.5% Triton X-114 at 4°C for 24 hours. After centrifugation at 13,600 g for 15 minutes at 4°C, the supernatant was transferred to a fresh tube and an aliquot was removed for the determination of protein concentration. After four cycles of temperature-induced phase-separation (27) was then added and samples were incubated for 2 hours, followed by centrifugation at 13,600 g for 5 minutes at 4°C to remove nonspecifically adsorbed proteins. The supernatant was aspirated and divided into six aliquots of 20 µg protein each. After the addition of 20 µl of rabbit anti-human placental FR antiserum (28) or anti-hnRNP E1 antiserum (14) or nonimmune serum (to three aliquots each), the final volume of each sample was brought up to 500 µl with D-PBS containing 1% Triton X-100 and 20 mM EDTA. Following incubation at 4°C for 18 hours, 200 µl of IgGsorb was added. After incubation for 2 hours and centrifugation at 13,600 g for 5 minutes at 4°C, the pellets (20 µl each) were washed with 1 ml of buffer A four times and were resuspended in 0.48 ml D-PBS. An aliquot (50 µl) was mixed with 10 ml of counting cocktail and analyzed for radioactivity in a β-scintillation counter. The data obtained with nonimmune serum was subtracted from that obtained with anti-placental FR antiserum or anti-hnRNP E1 antiserum to derive values for specific [ 35 (28) , and quantitated by immunoprecipitation with anti-placental FR antiserum.
Northwestern blot analysis and gel-shift assays. Possible differences in the interaction of the 18-base cis-element in the 5′-UTR of FR mRNA and cytosolic 43-kDa hnRNP E1 from HeLa-IU 1 cells propagated under various extracellular folate concentrations were assessed by Northwestern blot analysis (13) . Gel-shift assays were used to determine the effect of homocysteine and other agents in increasing the interaction of the radiolabeled 18-base FR mRNA cis-element or its mutants with the specific hnRNP E1 from cytosolic extracts of HeLa-IU 1 -HF cells (S-100 fraction) that were dialyzed in buffer without dithiothreitol (DTT) (13) . Briefly, [ 32 P]cis-element (10,000 cpm) was allowed to react for 30 minutes at 22°C with 20 µg of dialyzed S-100 fraction from HeLa-IU 1 -HF cells with various concentrations of L-methionine, L-cysteine, DL-homocysteine thiolactone, DL-homocysteine, D-homocystine, L-homocystine, β-mercaptoethanol, glutathione, or DTT. After the addition of RNase T1 and heparin and incubation for 20 minutes, RNA-protein complexes were separated by electrophoresis (6% native PAGE; acrylamide:bis-acrylamide, 60:1) followed by autoradiography (13) . In other experiments, the effect of folic acid or 5-methyl-tetrahydrofolate in modulating the RNA-protein interaction in the absence or presence of homocysteine was also assessed using dialyzed S-100 fractions. Briefly, S-100 fractions from HeLa-IU 1 -HF cells were extensively dialyzed in DTT-free buffer. Next, 20 µg of the dialyzed sample, which was supplemented with 1 mM dl-homocysteine, was allowed to react for 30 minutes at 22°C with [ 32 P]cis-element (10,000 cpm), and increasing concentrations (10 nM to 100 µM) of either folic acid or 5-methyltetrahydrofolate was added to the RNA-protein mixture; freshly prepared 5-methyltetrahydrofolate was added within 15 minutes of the opening of a new vial. After the addition of RNaseT1 and heparin and incubation for another 20 minutes, the intensities of the RNA-protein complex signals were determined (13) .
Plasmid construction. The plasmid containing chloramphenicol acetyltransferase (CAT) and the cis-element [pCAT (+cis)] was constructed by replacing a 223-bp intron from the pCAT3 control vector (Promega, Madison, Wisconsin, USA) with a 200-bp fragment of the 5′-UTR of FR cDNA containing the 18-base cis-element at the HindIII site. The pCAT (-cis) plasmid, a control plasmid with deletion of the 18-base cis-element, was prepared using site-directed mutagenesis in which the primers 5′-GCTCCACTCCTGGGCCTGTCTCCTAG-3′ and 5′-CTAGGAGACAGGCCCAGGAGTGGAGC-3′ were used. The plasmids pN, pC1, pC2, and pC12 were constructed by subcloning the four pairs of oligodeoxynucleotides (shown below) into the pSPT18 vector that was linearized with EcoRI and HindIII to generate the 18-base cis-element RNA and its mutants. The orientation and point mutations were confirmed in all plasmids sequencing: pN: 5′-p-AATTCGCTCCATT CCCACTCCCTGA-3′ 3′-GCG-AGGTAAGGGTGAGGGACTTCGA-p-5′ pC1: 5′-p-AATTCGC-TACATT CCCACTCCCTGA-3′ 3′-GCGATGTAAGGGT-GAGGGACTTCGA-p-5′; pC2: 5′-p-AATTCGCTCCATT CCCACTACCTGA-3′; 3′-GCGAGGTAAGGGTGATGGACTTC-GA-p-5′; pC12: 5′-p-AATTCGCTACATTCCC ACTACCTGA-3′; 3′-GCGATGTAAGGGTGATGGACTTCGA-p-5′.
Transfection of HeLa-IU 1 -HF and HeLa-IU 1 -LF cells with CAT reporter constructs driven by a 5′-UTR of FR mRNA in which the cis-element is retained [pCAT (+cis)] or deleted [pCAT (-cis)].
The pSV-β-galactosidase (Promega) was cotransfected with either pCAT (+cis) or pCAT (-cis), which permitted assay for both β-galactosidase activity (by a β-Gal reporter gene assay using a chemiluminescence assay) and CAT ELISA (Roche Diagnostics Corp.). The extent of β-galactosidase activity served as an internal control for transfection efficiency of pCAT (+cis) or pCAT (-cis) into HeLa-IU 1 -HF and HeLa-IU 1 -LF cells. The results of negative control cell extracts, prepared from nontransfected cells and assayed for both β-galactosidase and CAT, were routinely subtracted from the results obtained from transfected cell extracts. Briefly, cells were plated 1 day before being transfected in culture media (MEM-HF or MEM-LF for HeLa-IU 1 -HF or HeLa-IU 1 -LF cells, respectively) at a density of 2.5 × 10 5 cells/well using six-well plates to achieve 50-80% confluency on the day of transfection. The FuGENE-6 (Roche Diagnostics Corp.) transfection reagent was used with each plasmid DNA [either pCAT (+cis) or pCAT (-cis) and pSV-β-galactosidase] at a ratio of 3:2 (3 µl FuGene-6, 2 µg DNA of each plasmid, and 97 µl serum-free media) per well, and transfection was carried out according to the manufacturer's instructions.
Determination of the identity of the protein within RNA-protein complexes induced by intracellular homocysteine in HeLa-IU 1 -LF cells by gel supershift assays. Cytosolic protein extracts (S-100 fraction) from HeLa-IU 1 cells were prepared as described below. Briefly, HeLa-IU 1 -HF and HeLa-IU 1 -LF cells were cultured in MEM-HF and MEM-LF media, respectively, for 3 days to approximately 80% confluence. After cells were harvested with a rubber policeman, the cell suspensions were centrifuged over Versilube F50 silicone fluid to separate media and cells as described above. Cells were incubated in two packed cell volumes of buffer A (10 mM HEPES, pH 7.9, containing 1.5 mM MgCl 2 and 10 mM KCl) for 10 minutes at 4°C, and then were lysed by 30 strokes of a Kontes allglass Dounce homogenizer (B-type pestle). After confirmation of cell lysis and recentrifugation (at 800 g for 10 minutes at 4°C), the supernatant was mixed with 0.11 volumes of buffer B (300 mM HEPES, pH 7.9, containing 30 mM MgCl 2 and 1.4 M KCl), and centrifuged for 60 minutes at 100,000 g (in a Beckman Type SW 55.Ti rotor). The protein concentration of the supernatant was measured by bicinchonic acid assay (Pierce, Rockford, Illinois, USA) and 500-µl aliquots were frozen at -80°C (S-100 fraction). RNA-protein binding reactions were carried out with 800 µg cytosolic extracts from HeLa-IU 1 -HF or HeLa-IU 1 -LF cells and 1 × 10 6 cpm of [ 32 P]ciselement in 10 mM HEPES, pH 7.6, containing 3 mM MgCl 2 , 40 mM KCl, 5% glycerol, and 600 ng/µl yeast transfer RNA in a final volume of 300 µl. After samples were incubated at room temperature for 30 min, 500 units of RNase T1 and 20 µl of heparin solution (100 mg/ml) were added and incubation was continued for another 30 minutes. Aliquots of 15 µl were then incubated with anti-hnRNP E1 antiserum or nonimmune serum overnight followed by a gel-shift assay (14) to demonstrate a supershift with antiserum and the identity of the protein within the cis-element and trans-factor complex. The remainder of the RNA-protein complexes were transferred to 24-well plates and irradiated from a distance of 1 cm by a UV lamp (300 nm, 70,000 µW/cm 2 ; Fotodyne Inc., New Berlin, Wisconsin, USA) for 1 hour at 4°C followed by specific immunoprecipitation of UV cross-linked RNA-protein complexes.
Statistical analysis. The curve-fitting analyses were determined by linear regression (Microsoft Excel). Unless otherwise stated, all experiments were carried out on three different occasions with less than 15% variation from the mean for each data point.
Results
Characterization of the upregulation of FRs in folate-deficient cells. Although HeLa-IU 1 -LF cells (stably propagated in low-folate media) were slightly larger than HeLa-IU 1 -HF cells (stably propagated in folate-replete media), there was no evidence for megaloblastosis by morphologic and morphometric criteria (not shown). However, although the nuclear:cytoplasmic ratio was not increased (24) , these cells continued to proliferate, albeit at a slower rate, with a change in doubling time from 22 hours (basal in HeLa-IU 1 -HF cells) to 31 hours in HeLa-IU 1 -LF cells (Table 1 ). In addition, the basal concentration of total homocysteine in the media, a surrogate marker for intracellular folate deficiency when elevated (29) , was 108 µM for HeLa-IU 1 -LF cells and 14 µM for HeLa-IU 1 -HF cells (humans with clinical folate deficiency also have increases in serum total homocysteine; refs. 1, 29, 30) . This 7.7-fold increase of total homocysteine in the media indicated that HeLa-IU 1 -LF cells were indeed folate deficient. Thus, morphological evaluation of HeLa-IU 1 -LF cells was insufficiently sensitive to diagnose mild folate deficiency, as observed clinically in humans, in whom elevations of total homocysteine precedes a reduction of serum folate below normal levels and morphological manifestations (1, (30) (31) (32) Next, the kinetics of FR mRNA as well as FR protein expression were determined as a function of time after HeLa-IU 1 -HF cells were placed in low-folate media over 12 weeks of study. Western blot studies at the end of each week demonstrated a steady progressive increase in FR expression that plateaued by the 10th-12th week (Figure 1a) . Binding of radiolabeled folate to intact cells and Scatchard analysis also revealed a progressive increase in FRs per cell as a function of time (Figure 1b) . These data complemented each other to confirm a true net increase in FR protein upon shifting of HeLa-IU 1 -HF cells to low-folate media. By contrast, there was a relatively small (at most 2.5-fold) increase in FR mRNA that plateaued by the fourth week (Figure 1c) . Thus, the increase in mRNA could not account for the progressive and much higher fold increase in FR protein expression that plateaued much later. These results suggested that the primary mechanism underlying the striking upregulation of FRs in these cells would be found at the translational or post-translational level.
Because we demonstrated that the interaction of a cytosolic hnRNP E1 with an 18-base cis-element in the 5′-UTR of FR mRNA was essential for translation of FRs (13, 14) , we determined if the observed upregulation of FR was due to induction of hnRNP E1 under the experimental conditions. The data (Figure 1d (17), consistent with its specificity for peptide epitopes in FRs. Together, these studies confirmed that both 35 Slabeled species (measured as picomoles of [ 35 S]cysteine) immunoprecipitated with anti-placental FR antiserum were related to FRs.
Compared with HeLa-IU 1 -HF cells, in which FRs were degraded with a t 1/2 of 32 hours, the t 1/2 of FR degradation in HeLa-IU 1 -LF cells was 28.5 hours (Figure 2f) . This negligible alteration in the rate of degradation of FRs could not account for the observed upregulation of FRs. However, the rate of incorporation of [ 35 S]cysteine into FRs of HeLa-IU 1 -HF cells was 0.0053 pmol/mg/hour, whereas this value was 0.087 pmol/mg/hour in HeLa-IU 1 -LF cells ( Figure  2g) Reduced availability of 5-methyl-tetrahydrofolate intracellularly inactivates methionine synthase (EC 2.1.1.3), which catalyzes the conversion of homocysteine to methionine (35) . The resulting substrate build-up of homocysteine leads to its movement out of the cell (20) , after which it can be measured by a sensitive capillary gas chromatography-mass spectrometry assay (29) . Published data by Kolhouse et al. (19) on the kinetics of release of homocysteine from cultured human fibroblasts indicated a progressive accumulation of homocysteine in the media from a baseline of 2 µM homocysteine to 4.25 µM (week 2), 8.75 µM (week 4), 11 µM (week 6), and 13 µM (week 8). However, the rate of development of folate deficiency is likely to be altered by several variables, including the number and proliferative rate of cells, the amount of media used for culture, and the frequency of media changes. Because HeLa-IU 1 -LF cells exhibited biochemical evidence of folate deficiency with a marked increase of homocysteine in the media of these cells, we measured the temporal accumulation of total homocysteine and related metabolites while HeLa-IU 1 -HF cells were propagated for 12 weeks in low-folate media. There was a steady rise of total homocysteine released into the media, indicating the progressive development of cellular folate deficiency (Figure 3a) . Of significance, this rise in homocysteine resembled the steady rise in the expression of FR (Figure 1, a and b) . By contrast, the concentration of a panel of metabolites that could potentially be modulated in folate deficiency (total cysteine, cystathionine, and methionine) was not significantly changed from baseline values (Figure 3, b-d) .
When HeLa-IU 1 -HF cells were propagated in lowfolate media as a function of time with rigorous steps taken to prevent the movement of homocysteine out of cells, the intracellular homocysteine was noted to progressively increase ( Figure 3e ). As also noted in Figure 3e (inset) , when the intracellular homocysteine was measured in cells stably propagated in high-folate versus low-folate medium, the concentration of homocysteine increased 2.7-fold in HeLa-IU 1 -LF cells compared with HeLa-IU 1 -HF cells. By contrast, the intracellular content of cystathionine was unchanged, whereas methionine and cysteine were progressively reduced as a function of time (Figure 3, f-h ). Taken together, these data suggested that the accumulation of homocysteine within cells (from inhibition of methionine synthase [EC 2.1.1.3]) could have consequences for gene expression.
Modulation of the FR mRNA cis-element and hnRNP E1 interaction by homocysteine. Because the thiol amino acid homocysteine can covalently bind cysteine residues to modify protein function (36), we tested the hypothesis that homocysteine could increase RNA-protein interactions and lead to upregulation of FRs. As demonstrated in Figure 4 , a and b, when analyzed by electrophoretic mobility gel-shift assays using radiolabeled 18-base FR-α mRNA cis-element and cytosolic extracts containing hnRNP E1 from HeLa-IU 1 cells, dl-homocysteine, l-cysteine, and dl-homocysteine thiolactone stimulated a dose-dependent increase in RNA-protein complex signals. By contrast, l-methionine at equimo-
Figure 3
Concentrations of homocysteine, methionine, cysteine, and cystathionine in the growth media and within HeLa-IU 1 -HF cells that were propagated in low-folate media over 12 weeks. (a-h) Profiles of the concentrations of total homocysteine (a and e), methionine (b and f) total cysteine (c and g), and cystathionine (d and h) in the growth media (top panels) and intracellularly (bottom panels) as a function of time after HeLa-IU 1 -HF cells were propagated in low-folate media. HeLa-IU 1 -HF cells (1 × 10 7 ) were fed twice a week with lowfolate media. Each week, after they had been in contact with media for 3 days, the supernatants and cell pellets were analyzed for metabolites by gas chromatography-mass spectroscopy. lar concentrations had no effect, similar to the negative control consisting of dl-homocystine (an oxidized form of homocysteine). In addition, other reducing agents, glutathione, DTT, and β-mercaptoethanol also had a positive influence in generating a dose-dependent increase in the RNA-protein complex. Similar findings were also demonstrated with a highly purified preparation of human placental trans-factor (14) , indicating that these data were not restricted to hnRNP E1 protein derived from cervical carcinoma cells.
Although several reduced thiols can induce the RNAprotein interaction (Figure 4, a and b) , the data on the concentrations of reduced thiols in the media and within cells during the development of folate deficiency indicated that the only metabolite of physiological relevance and that increased with time was homocysteine ( Figure 3) . The basal extracellular concentration of total cysteine in folate-replete cells was higher than total homocysteine (Figure 3 , c versus a) and sufficiently high to increase RNA-protein interactions (Figure 4a) . However, because the concentration of total cysteine in the media remained unchanged with time (Figure 3c ), but decreased progressively within cells (Figure 3g ) during the development of folate deficiency, the evidence argued against a significant role for cysteine in FR upregulation (Figure 1) . By contrast, the data from Figures 3, a and e, and 4 supported the possibility of a role for homocysteine that accumulated during folate deficiency and could increase RNA-protein interactions, which facilitates translational upregulation (14) . In this context, HeLa-IU 1 -HF cells contained 47 µM of homocysteine/10 6 cells whereas HeLa-IU 1 -LF cells contained 126 µM homocysteine/10 6 cells. When these data are related to the gel-shift assays (Figure 4a) , there is a clear RNA-protein signal, indicative of interaction between the trans-factor and cis-element at a concentration of 100 µM of homocysteine, with a much lesser signal at lower concentrations of homocysteine. Collectively, these studies indicate that the 2.7-fold increase in intracellular homocysteine concentration in HeLa-IU 1 -LF cells can induce changes in the hnRNP E1 protein, leading to a facilitation of binding to the 18-base cis-element of FR mRNA leading to increased biosynthesis of FRs in these cells.
Because quenching of the interaction of the cis-element and hnRNP E1 inhibits the translation of FRs in vitro (13), we also hypothesized that any agent that increased the interaction would likely facilitate the increase in translational synthesis of FRs. However, this could not be confirmed by in vitro translation assays, because all such assays require the addition of 20 mM DTT, and even 50 µM DTT had a significant positive effect (Figure 4 ). Therefore, it was highly unlikely that any additive effects of micromolar concentrations of homocysteine on FR synthesis would be uncovered by this assay.
Experimental modulation of intracellular homocysteine and effects on FR biosynthesis. To evaluate the direct effects of homocysteine (independent of changes in the concentration of cysteine) on the biosynthesis of FRs and the interaction between the cis-element and trans-factor/ hnRNP E1, we used short-term experiments in which homocysteine was added to cells and the effects on biosynthesis of FR as well as on cis-element driven reporter constructs were determined. For these experiments, we needed to determine precisely the extent of accumulation of homocysteine within these cells at various extracellular pharmacological concentrations of
Figure 4
Gel-shift assays of the interaction of 18-base cis-element from the 5′-UTR of FR-α mRNA and the 43-kDa hnRNP E1 by homocysteine and other agents. (a and b) [ 32 P]cis-element (10,000 cpm) was allowed to react with 20 µg dialyzed S-100 fraction from HeLa-IU 1 -HF cells with indicated concentrations of l-methionine, l-cysteine, dl-homocysteine (Hcy) thiolactone, dl-homocysteine, d-homocystine, l-homocystine, β-mercaptoethanol (β-ME), glutathione, or DTT, and RNA-protein complexes were separated by native PAGE followed by autoradiography.
Cell extracts were dialyzed in buffer without DTT. β-ME, β-mercaptoethanol.
homocysteine. Accordingly, we separated the cell-associated homocysteine from the higher concentrations of homocysteine extant in the supernatant by passing the mixture of cells and supernatant over silicone fluid (see Figure 3e , inset). Figure 5a shows the results of experiments designed to quantitate the amount of extracellularly added homocysteine that entered HeLa-IU 1 -HF cells. These results indicate that approximately 13% of homocysteine entered cells at concentrations of both 500 µM and 1,000 µM of extracellular homocysteine. This value differs substantially from published values of approximately 2% in U-937 human histiocytic cells (20) and can perhaps be explained by cell type differences. However, the stringency of methods designed to limit efflux of homocysteine from cells was far more intentional in the present studies.
Accordingly, HeLa-IU 1 -HF cells that were first prewashed with large volumes of wash-buffer to effect efflux of endogenous intracellular homocysteine (see Methods) were exposed for periods up to 2 hours to 500 µM or 1,000 µM of homocysteine and the extent of [ 35 S]FR synthesis was determined. Homocysteine at these concentrations did not alter the mRNA of FR in HeLa-IU 1 -HF (Figure 5b) or HeLa-IU 1 -LF cells (not shown) during these short-term experiments; therefore, any effects of homocysteine in stimulating FR biosynthesis could be attributed to effects primarily at the translational level. As shown in Figure 5c , there was a significant dose-dependent increase in the synthesis of (Figure 5c ). Similar stimulatory effects of homocysteine were also observed in HeLa-IU 1 -LF cells, although the effects of 500 µM and 1,000 µM were similar (Figure 5d ). Because the effects of 500 µM and 1,000 µM homocysteine on FR biosynthesis were monitored by [ 35 S]cysteine incorporation into FR, it was possible that this apparent stimulation of [ 35 S]cysteine incorporation into FR by homocysteine was driven by the fact that cells were starved of cysteine prior to the biosynthetic studies. Accordingly, we determined if homocysteine had similar stimulatory effects on FR biosynthesis when Homocysteine exerted a stimulatory effect on cellular FR biosynthesis within 30 minutes. This duration is much shorter than the observed effects of homocysteine on transcriptional regulation of many other genes, which required 6 hours of exposure (37) . Furthermore, our documentation that homocysteine did not induce changes in FR mRNA levels supported the conclusion that the effect of homocysteine was primarily in modulating RNA-protein interactions. Thus, in the model involving a gradual development of nutritional folate deficiency, the data strongly argued for a causal role for homocysteine in translational upregulation of FRs. Collectively these data supported the conclusion that the build-up of homocysteine in nutritional folate deficiency stimulated the interaction of a specific cis-element and hnRNP E1 that led to the translational upregulation of FRs.
Characterization of homocysteine-responsiveness by the 18-base cis-element using reporter constructs. Experiments were designed to characterize the functional role of the 18-base cis-element in reacting with the trans-factor/ hnRNP E1 in HeLa-IU 1 cells in which the concentration of homocysteine was modulated. In the first method, the intracellular homocysteine concentration was modulated by the extracellular folate concentration (using HeLa-IU 1 -HF or HeLa-IU 1 -LF cells) (see Figure 3e and inset). After cotransfection of plasmids bearing CAT and β-galactosidase reporter genes, measurement of the CAT and β-galactosidase activities in the cell extracts allowed for monitoring of transfection efficiencies in HeLa-IU 1 -HF and HeLa-IU 1 -LF cells. Surprisingly, cotransfection led to expression of β-galactosidase (per milligram protein) that was 2.5-to 4-fold higher in HeLa-IU 1 -HF cells than in HeLa-IU 1 -LF cells. This indicated that HeLa-IU 1 -LF cells had lower transfection efficiencies than HeLa-IU 1 -HF cells. Under these conditions, the pCAT (+cis) construct yielded almost equal levels of CAT expression in both cell lines; this experiment was carried out six times with similar results. Thus, CAT expression from pCAT (+cis) was much higher in HeLa-IU 1 -LF cells than in HeLa-IU 1 -HF cells. Because there was negligible CAT expression in HeLa-IU 1 -LF and HeLa-IU 1 -HF cells transfected with pCAT (-cis), which was devoid of the cis-element (Figure 6a) , the observed CAT expression from pCAT (+cis) in these cells was localized to the 18-base cis-element.
Figure 6
Confirmation of the critical nature of the FR mRNA cis-element and the hnRNP E1 interaction in mediating homocysteine effects using a combination of reporter genes, site-directed mutagenesis, gel-supershift assays, and UV cross-linking studies. Because HeLa-IU 1 -LF cells had a 2.7-fold greater concentration of intracellular homocysteine than HeLa-IU 1 -HF cells (Figure 3e , inset) at levels at which RNA-protein interaction could be demonstrated (Figure 4a ), these results continued to highlight the likely importance of the 18-base cis-element in homocysteine responsiveness.
To further confirm that the cis-element was integral to homocysteine responsiveness, we sought to determine if short-term exposure of HeLa-IU 1 -HF cells transfected with pCAT (+cis) to progressively increasing intracellular concentrations of homocysteine (for 1 hour) led to a predictable dose response compared with cells transfected with pCAT (-cis). The results ( Figure  6b ) indicated that whereas HeLa-IU 1 -HF cells transfected with pCAT (-cis) exhibited no increase in signal with increasing concentrations of homocysteine, those cells transfected with pCAT (+cis) exhibited dose responsiveness to homocysteine. When these results were correlated with the actual measurements of intracellular homocysteine under similar experimental conditions (Figure 5a ), the concentrations of intracellular homocysteine achieved following incubation with 50, 100, 250, 500, 750, and 1,000-µM of dl-homocysteine were 6.5, 13, 32.5, 65, 97.5, and 130 µM, respectively. Furthermore, when these results are compared with those values of homocysteine used in gel-shift experiments to demonstrate RNA-protein interactions (Figure 4) , it is readily apparent that the concentrations achieved intracellularly were well within the range for endogenous trans-factor/hnRNP E1 (Figure 1d) to interact with the 18-base cis-element proximal to the CAT gene to give the observed signals. Thus, all of these data (Figures 1-6 ) can now be reconciled to explain the progressive increase in FR upregulation when the extracellular folate concentration is limited. On the basis of these experiments, we conclude that the data demonstrate that the accumulated homocysteine within cells during folate deficiency is sufficient to trigger the interaction of the trans-factor/hnRNP-E1 with the 18-base cis-element within the 5′-UTR of FR mRNA to result in translational upregulation of FRs.
Next we determined if point mutation of the 18-base cis-element sequence would abrogate RNA-protein complex formation in the induced state. Based on characterization of the RNA-protein interaction, we had suggested that the CUCC motif in the 18-base ciselement sequence [CUCC(AU)-4-6-bases-CUCC] could be critical in binding hnRNP E1 (13, 14) . Accordingly, we mutated cytidine 5′-triphosphate at specific positions in the 18-mer cis-element (detailed in Methods) and compared the binding to hnRNP E1. The results (Figure 6c ) revealed that a point mutation in either the first or second (or both) CUCC motif in the 18-base cis-element led to a reduction in RNA-protein complex formation in the induced state. This verified that the interaction of endogenous hnRNP E1 was critically dependent on the integrity of the 18-base cis-element in the 5′-UTR of FR mRNA and confirmed our earlier predictions (13).
Next we determined if more radiolabeled cis-element interacted with endogenous hnRNP E1 from HeLa-IU 1 -LF cells than from HeLa-IU 1 -HF cells because of the higher cellular concentration of homocysteine of folate-depleted cells (Figure 3e ). We used UV cross-linking of the RNA-protein complexes (13) , which allowed us to eliminate the use of an exogenous reducing agent to trigger RNA-protein complex formation (which would confound analysis of the independent effect of intracellular homocysteine). Accordingly, cytosolic hnRNP E1 from HeLa-IU 1 -HF and HeLa-IU 1 -LF cells that was isolated under conditions that avoided efflux of cellular homocysteine (see Methods) was incubated with [ 32 P]cis-element, and after cross-linking of RNAprotein complexes (13) , the mixture was allowed to react with anti-hnRNP E1 antiserum or nonimmune serum and was analyzed further. The results of gel-shift assay, immunoprecipitation, and SDS-PAGE of the anti-hnRNP E1 antiserum-bound RNA-protein complexes in HeLa-IU 1 -LF cells and HeLa-IU 1 -HF cells are shown in Figure 6 , d and e. These concordant results demonstrated that the greater amount of homocysteine present in HeLa-IU 1 -LF cells (Figure 3e ) led to a greater interaction of the cis-element and hnRNP E1, compared with the data from HeLa-IU 1 -HF cells. This is shown by the stronger signal in the gel-shifted band, a greater amount of immunoprecipitated material by radioactive counts, and a stronger signal on SDS-PAGE in the sample from HeLa-IU 1 -LF cells. Moreover, the supershift of the signal with anti-hnRNP E1 antiserum (Figure 6d ) indicated that the [ 32 P]cis-element RNAprotein complex contained hnRNP E1.
When we used RNA cis-element probes with very high specific activity in experiments similar to that shown in Figure 4 , the lowest concentrations of homocysteine that could stimulate interaction of the cis-element and trans-factor/(hnRNP E1) were 20-25 µM, values that were consistent with mild folate deficiency (1, 30) . This suggests that smaller concentrations of intracellular homocysteine have the potential to modulate the interaction, indicating that this regulatory mechanism is operative before a much higher "critical threshold" concentration is achieved. The data ( Figure 6 , d and e) support this conclusion. Such a system probably allows for regulation of FRs even during short-term deprivation of dietary folate. Future studies will focus on characterizing the concordance of fluctuating intracellular homocysteine concentrations with changes in FR expression in real-time.
Mechanism(s) of downregulation of FRs during acute reversal of folate deficiency. As demonstrated in Figure 4 , methionine did not stimulate the RNA-protein interaction. This predicts that reversal of folate deficiency, which is associated with conversion of homocysteine to methionine, would result in less RNA-protein interaction and downregulation of FRs. So in the next experimental system, HeLa-IU 1 -LF cells were abruptly exposed to high-folate media and over the ensuing 24 hours the rate of FR biosynthesis and concentrations of total homocysteine and other metabolites were determined. Because of a good correlation between the intracellular and extracellular homocysteine concentrations ( Figure 3, a and e) , the rate of accumulation of homocysteine in the growth media as a function of time after acute reversal of folate deficiency was used as a surrogate marker of intracellular homocysteine. Quantitative measurements indicated that rapid reversal of folate deficiency led to a parallel reduction in FR biosynthesis (Figure 7a ) and total homocysteine (Figure 7b) so that by 24 hours, both parameters approached values found in folate-replete cells. Thus, there was a prompt reduction in total homocysteine in the media from 108 µM (basal in low-folate) to 43 µM by 8 hours, and 21 µM by 24 hours (the basal value with folate-replete cells was 14 µM). Once again, there were no major changes in the concentrations of methionine, total cysteine, and cystathionine ( Figure 7, c-e) .
Previous data from our laboratory (38) predicted that at the high concentrations of folic acid in media used to propagate HeLa-IU 1 -HF cells, folic acid could easily passively diffuse into cells. Therefore, rapid replenishment of folic acid to folate-deficient HeLa-IU 1 -LF cells ( Figure  7 ) introduced a new variable (folic acid) that could influence RNA-protein interaction. Neither folic acid nor 5-methyl-tetrahydrofolate had any direct effect in increasing the RNA-protein interaction in the absence of reducing agents (data not shown). However (as shown in Figure 7f ), in the presence of homocysteine, increasing concentrations of folic acid, but not 5-methyltetrahydrofolate, effected a dose-dependent reduction in RNA-protein interaction (at concentrations within the context of the experiment leading to Figure 7 , a-e). The capacity of folic acid to modulate the RNA-protein interaction in gel-shift assays could be artificially improved by a reduction in the concentration of homocysteine (data not shown). These in vitro data predict that with more severe folate deficiency (and proportionately higher homocysteine buildup) there would be less capacity of folic acid to directly dissociate the RNAprotein interaction (and induce downregulation of FRs). Conversely, with milder folate deficiency, the direct effect of folic acid in quenching RNA-protein interaction would be more prominent. However, because folic acid is not naturally found in human plasma, it is quite unlikely that any of these (putative) effects of folic acid on translational up-or downregulation have any physiologic significance. Furthermore, folic acid that is administered orally to folate-deficient humans in pharmacological doses (1 mg per day) is converted to 5-methyl-tetrahydrofolate during absorption, and this is the form that is taken up by cells of peripheral tissues (1) . Nevertheless, if given intravenously, the folic acid that diffuses into cells (38) could easily contribute to acute disruption of RNA-protein complexes and lead to downregulation. In this context, it is possible that other (as-yet-undefined) intracellular folates may also contribute to translational downregulation of FRs. (f) Effect of folic acid and 5-methyltetrahydrofolate on the interaction of 18-base cis-element from the 5′-UTR of FR-α mRNA and the 43-kDa hnRNP E1. [ 32 P]cis-element (10,000 cpm) was allowed to react with 20 µg dialyzed S-100 fraction from HeLa-IU 1 -HF cells that was supplemented with 1 mM dl-homocysteine and increasing concentrations of folic acid or 5-methyl-tetrahydrofolate. RNA-protein complexes were separated by native PAGE, followed by autoradiography.
Discussion

Model of translational upregulation of FRs in folate deficiency.
Collectively, our data strongly suggest the following model for translational regulation of FRs based on the availability of folate (Figure 8 ): With depletion of cellular 5-methyl-tetrahydrofolate, the enzyme methionine synthase (EC 2.1.1.3) is inactivated, leading to a progressive build-up of homocysteine (in proportion to the severity of folate deficiency) (Figure 3) . The progressive accumulation of homocysteine triggers the interaction of the specific 43-kDa cytosolic hnRNP E1 with the 18-base cis-element in the 5′-UTR of FR-α mRNA ( Figure  4) , which facilitates increased synthesis of FRs ( Figure  2 ) and net upregulation of FRs (Figure 1) .
Conversely, based on our experimental data (Figures 4a  and 7) , the most likely explanation for downregulation is that upon conversion of folic acid to 5-methyl-tetrahydrofolate, the resulting activation of methionine synthase (EC 2.1.1.3) led to progressive methylation of homocysteine to methionine. With less available homocysteine (and more methionine) there would be less RNA-protein interaction, which would lead to downregulation of FRs. This model is consistent with physiological replenishment of folate from diet and folate supplements. However, we have also identified that with nonphysiologically high doses of folic acid, such as those that can be achieved following parenteral replenishment of folic acid, there is an independent direct effect of folic acid in reducing homocysteine-induced RNA-protein interaction that would also contribute to downregulation of FRs.
This model is entirely consistent with maintenance of folate homeostasis, and somewhat resembles other systems in which translational control of regulation involves modulation of the interaction of cis-elements and trans-factors by one or more physiologic or pharmacological stimuli. For example, iron modulates the interaction of an iron-responsive element-binding protein with ferritin mRNA, transferrin receptor mRNA, and erythroid 5-aminolevulinate synthase mRNA (39, 40) . Likewise, hypoxia, estrogen, angiotensin, and β-adrenergic agonists stimulate the interaction of erythropoietin mRNA (41) , vitellogenin mRNA (42), angiotensinogen mRNA (43) , and β-adrenergic receptor mRNA (44) with their respective specific mRNAbinding proteins. The regulation of FR is nevertheless distinct in that the major determinant of the cis-element and hnRNP E1 interaction leading to translational upregulation of FRs is not the receptor ligand (folate) but the concentration of a key metabolite, homocysteine, which bears an inverse relationship with intracellular folate levels. These findings establish a linkage between perturbed folate metabolism and coordinated regulation of FR expression.
Potential broader significance of these data. To our knowledge, the demonstration of direct effects of homocysteine on RNA-protein interaction leading to translational upregulation of a protein has no precedent. Our results could have an effect in several related areas: (a) Homocysteine could also have effects in modulating RNA-protein interactions in the physiology of other proteins involved in folate, cobalamin (vitamin B 12 ), and one-carbon metabolism. Moreover, in erythroid precursors that contain genes for FR and 15-lipoxygenase and α-globin, which encode for RNA cis-elements that can interact with hnRNP E1 (14, 45) , folate deficiency-related accumulation of homocysteine is likely to lead to functional changes in expression of these genes during erythroid proliferation or differentiation (FRs are active during erythroid proliferation [24, 46] , whereas 15-lipoxygenase and α-globin are expressed during erythroid differentiation [47] ). (b) Earlier studies of iron regulation-related genes implicated the oxidation-reduction state as an important modulator of RNA-protein interactions (48) (49) (50) (51) (52) . Our data indicate that the thiol amino acid homocysteine, which covalently binds cysteine residues to modify protein function (36) , can also directly modulate RNA-protein binding to influence the translational efficiency of FR. In addition, homocysteine thiolactone, which was also active in stimulating RNA-protein interaction ( Figure  4, a and b) , is incorporated into a number of proteins by acylation of side-chain amino groups of lysine residues by the activated carboxyl group of the thiolactone (53) . In this context, it is therefore possible that induction of the transcription of a variety of new genes by homocysteine (37, (54) (55) (56) could also involve direct modulation of DNA-hnRNP E1 interactions by the thiol amino acid or its cyclic thioester. Jakubowski (57) has recently demonstrated that homocysteine bound by amide or peptide linkages (homocysteine-N-protein) is present in a variety of human serum proteins and that plasma homocysteine-N-protein is correlated with plasma total homocysteine. In view of the elevated Model to account for the linkage between perturbed folate metabolism and coordinated translational regulation of folate receptors. Reduced folate availability results in inactivation of methionine synthase (EC 2.1.1.3) with homocysteine build-up. Homocysteine increases the interaction of the FR-α mRNA cis-element and specific trans-factor/hnRNP E1 to stimulate FR synthesis and upregulation. Folate repletion reactivates methionine synthase (EC 2.1.1.3), which converts homocysteine to methionine. Methionine has no effect on the RNA-protein interaction that leads to reduced FR synthesis. The direct effect of pharmacological concentrations of folic acid in quenching RNA-protein interactions is not shown.
homocysteine within cells during folate deficiency, our studies predict that homocysteine could (either directly or indirectly) alter the function of hnRNP E1 and increase its affinity for the cis-element. To resolve this issue, we have initiated site-directed mutagenesis of specific amino acid residues that may be involved within a putative RNA-binding pocket of hnRNP E1 (Y.S. Tang, R.A. Khan, S. Xiao, H.N. Jayaram, and A.C. Antony, unpublished observations); our preliminary data appear to support a direct effect of homocysteine on hnRNP E1. (c) Because chronic hyper-homocysteinemia is a major risk factor in a variety of occlusive vascular diseases (58) (59) (60) (61) (62) (63) (64) (65) , some neural tube defects (66) (67) (68) , congenital heart defects (69), and, as demonstrated more recently, dementia and Alzheimer disease (70) , the direct effects of homocysteine on RNA-protein and possibly DNA-protein interactions could have a role in the etiology and pathogenesis of these diseases (71) . Moreover, since approximately 13% of homocysteine can enter cells from the extracellular media, it is possible that with significant levels of chronic hyperhomocysteinemia, as noted with congenital defects in folate and cobalamin metabolism (72) , entry of the thiol intracellularly has the potential to trigger additional effects on gene transcription and/or translation. (d) Finally, because of the recent documentation of a role of FRs in mediating the cellular entry of Ebola virus (73), our demonstration that acute downregulation can occur within 24 hours of exposure to high concentrations of folic acid may be of some practical importance. Aerosolized Ebola virus can be transmitted between humans through the respiratory route. As bronchial glands and alveolar lining cells (including type I and type II pneumocytes) highly overexpress FRs (74) , it is theoretically possible that rapid downregulation of FRs by folic acid may help to reduce the risk of uptake of virus among noninfected individuals (including health care personnel entering an epidemic zone).
